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(57) ABSTRACT

Disclosed are apparatus and methods for adaptive recerver
delay equalization. One embodiment relates to a method for
adaptive receiver delay equalization. Filtered positive and
negative polarity signals are generated by a first vanable-
delay filter and a second variable-delay filter, respectively. A
delay difference 1s determined between the filtered positive
and negative polarity signals, and a skew-indication signal 1s
generated based on the delay difference. A delay control
signal 1s generated based on the skew-indication signal, and
the delay control signal 1s sent to at least one of the first and
second varnable-delay filters. Other embodiments and fea-
tures are also disclosed.
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APPARATUS AND METHODS FOR
ADAPTIVE RECEIVER DELAY

EQUALIZATION

BACKGROUND

1. Technical Field

The present mnvention relates generally to communication
links including, but not limited to, serial interfaces for inte-
grated circuits.

2. Description of the Background Art

Transcervers are used to form high speed serial interface
(HSSI) links between integrated circuits (ICs). The transcerv-
ers typically use differential voltage signals to transmit and
receive data. One aspect of the differential voltage signaling
that limits performance 1s difierential skew.

Differential skew mtroduces inter-symbol interference and
results 1n attenuation of the differential signal. Differential
skew occurs when the positive and negative paths to deliver
their signals at different moments at the end of a differential
channel. Differential skew may be caused by non-ideal
eifects 1n actual circuits, such as unequal conductor lengths
and unmatched twists.

SUMMARY

Disclosed are apparatus and methods for adaptive receiver
delay equalization.

One embodiment relates to a method for adaptive receiver
delay equalization. Filtered positive and negative polarity
signals are generated by a first variable-delay filter and a
second variable-delay filter, respectively. A delay difference
1s determined between the filtered positive and negative
polarity signals, and a skew-indication signal 1s generated
based on the delay difference. A delay control signal 1s gen-
crated based on the skew-indication signal, and the delay
control signal 1s sent to at least one of the first and second
variable-delay filters.

Another embodiment relates to an integrated circuit
including first and second variable-delay filters, a skew detec-
tor, an equalization control circuit, and a receiver butfer. The
first and second variable-delay filters are linear phase filters
that receive a differential signal and output a de-skewed dii-
terential signal. The equalization control circuit for controls
delays of the variable-delay filters based on the skew-1ndica-
tion signal. The recerver bulfer bulfers the de-skewed differ-
ential signal.

Another embodiment relates to an adaptive recerver delay
equalization circuit. The circuit includes at least first and
second variable-delay filters, a bias control circuit, a skew
detector, and an equalization control circuit. The bias control
circuit has bias voltage outputs which are connected to bias
inputs of the first and second variable-delay filters and 1s
clectronically programmed with bias voltage settings corre-
sponding to a predetermined data rate. The data input of the
first variable-delay filter receives a positive polarity signal of
a differential signal, and the data input of the second variable-
delay filter recerves a negative polarity signal of the differen-
tial signal. The outputs of the first and second vaniable-delay
filters provide a de-skewed differential signal and are con-
nected to the first and second inputs of the skew detector. The
output of the skew detector provides a skew-indication signal
and 1s connected to the mput of the equalization control
circuit. The outputs of the equalization control circuit are
used to adjust the delays of the filters and are connected to the
control inputs of the first and second variable-delay filters.
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Other embodiments, aspects, and features are also dis-
closed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s schematic diagram of an exemplary circuit appa-
ratus for adaptive recerver delay equalization 1n accordance
with an embodiment of the imnvention.

FIG. 2A through 2H depict alternative implementations of
the delay filters 1n the circuit apparatus of FIG. 1 1n accor-
dance with embodiments of the invention.

FIG. 3A depicts a graph of gain versus frequency for a
linear phase filter 1n accordance with an embodiment of the
invention.

FIG. 3B depicts a graph of group delay versus frequency
for a linear phase filter 1n accordance with an embodiment of
the invention.

FIG. 3C depicts a graph of phase versus frequency for a
linear phase filter 1n accordance with an embodiment of the
invention.

FIG. 4 1s a flow diagram showing a method of delay equal-
1zation using select components 1n the apparatus of FIG. 1 1n
accordance with an embodiment of the invention.

FIG. 5 1s a flow chart of a method for adaptive delay
equalization for a receiver 1n an ntegrated circuit 1 accor-
dance with an embodiment of the invention.

FIG. 6 1s a simplified partial block diagram of an exemplary
field programmable gate array that may be configured to
implement an embodiment of the present invention.

FIG. 7 shows a block diagram of an exemplary digital
system that may employ the methods and apparatus disclosed
herein.

DETAILED DESCRIPTION

The present disclosure provides methods and circuit appa-
ratus which adaptively equalize the delays 1n the positive and
negative paths of a differential recerver. The methods and
apparatus described herein advantageously provide an on-die
solution which removes recerver differential skew 1n an auto-
matic manner to compensate for non-ideal effects i actual
circuits, such as unequal conductor lengths and unmatched
twists.

FIG. 11s schematic diagram of an exemplary apparatus 100
for adaptive receiver delay equalization 1n accordance with an
embodiment of the invention. The apparatus recerves a dii-
terential signal and adaptively equalizes delay on positive and
negative paths to de-skew the differential signal. As shown,
the apparatus 100 includes a bias control circuit 105, a first
variable-delay filter 110P, a second variable-delay filter

110N, a skew detector 120, an equalization control circuit
130, and a receiver (RX) butier 140.

Both the first and second variable-delay filters (110P and
110N) have a data mput, a data output, a control mnput and a
bias mput. The first variable-delay filter 110P receives the
positive polarity signal of the differential signal on 1its data
input, and the second variable-delay filter 110N receives the
negative polarity signal of the differential signal on its data
input.

In accordance with an embodiment of the invention, each
of the first and second variable-delay filters (110P and 110N)
may be a linear phase filter 202 as depicted in FIG. 2A. The
linear phase filter 202 provides a phase shift that varies lin-
carly with frequency. The linear phase filter 202 may be
implemented, for example, using a Bessel filter 212 as
depicted 1n FIG. 2B. In addition to a linear phase character-
istic, each of the first and second variable-delay filters may be
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characterized, below a cut-oil frequency, by a flat gain (as a
function of frequency) and a constant group delay (as a func-
tion of frequency).

In accordance with an embodiment of the invention, each
of the first and second variable-delay filters (110P and 110N)

may be a dual-path filter. As depicted 1n FIG. 2C, the dual-
path filter may include an integral path 222 and a feed-for-
ward path 224. The integral path 222 may be formed using a
low-pass filter, and the feed-forward path 224 may be formed
using a high-pass filter.

In one embodiment, which 1s depicted in FI1G. 2D, a passive
low-pass filter 232 may be used for the integral path 222, and
a passive high-pass filter 234 may be used for the feed-
torward path 224. It 1s contemplated that the passive low-pass
and high-pass filters (232 and 234, respectively) may be
implemented using various filter circuits.

In a simple example, shown in FIG. 2D, the passive low-
pass lilter 232 may be formed using an LC circuit having an
inductor L; » and a variable capacitor C; », and the passive
high-pass filter 234 may be formed using an LC circuit having
a capacitor C,,, and an inductor L. ,,.. Per the example passive
low-pass filter circuit shown, the inductor L, » may be con-
nected between the filter input node and the filter output node
in the integral path 222, and the variable capacitor C, . may be
connected between the filter output node and ground. Per the
example high-pass filter circuit shown, the capacitor C,» may
be connected between the filter mput node and the filter
output node 1n the feed-forward path 224, and the inductor
L.» may be connected between the filter output node and
ground. The capacitance of the variable capacitor C, , may be
varied under control of the equalization control circuit 130 in
order to change the group delay of the filter (110P and/or
110N).

In another embodiment, which 1s depicted 1n FIG. 2E, an
active low-pass filter 242 may be used for the integral path
222, an active high-pass filter 244 may be used for the feed-
torward path 224, and a voltage summer 246 may be used to
add together the voltage outputs of the active low-pass and
high-pass filters. It 1s contemplated that the active low-pass
and high-pass filters (242 and 244, respectively) may be
implemented using various filter circuits.

In a simple example, shown 1n FIG. 2E, the active low-pass
filter 242 may be formed using an operational amplifier OAL,
a resistor RL, and a vanable capacitor CL, the active high-
pass filter 244 may be formed using an operational amplifier
OAL, a resistor RH, and a capacitor CH, and the voltage
summer 246 may be formed using an operational amplifier
OAS, a first resistor R1 and a second resistor R2.

Per the example low-pass filter circuit shown, the opera-
tional amplifier OAL may have its non-mnverting mput con-
nected to ground, 1ts mverting input connected to the node
between the resistor RL and the variable capacitor CL, and its
output connected to the first input (1n_1) of the voltage sum-
mer 246. The resistor RL may be connected between the input
node and the inverting input of the operational amplifier
OAL, and the variable capacitor CL. may be connected
between the output node and the inverting input of the opera-
tional amplifier OAL.

Per the example high-pass filter circuit shown, the opera-
tional amplifier OAH may have 1ts non-inverting input con-
nected to ground, 1ts mverting input connected to the node
between the resistor RH and the capacitor CH, and 1ts output
connected to the second mput (in_2) of the voltage summer
246. The resistor RH may be connected between the output
node and the inverting mput of the operational amplifier
OAL, and the capacitor CH may be connected between the
input node and the mverting mput of the operational amplifier

10

15

20

25

30

35

40

45

50

55

60

65

4

OAL. The capacitance of the variable capacitor CLL may be
varied under control of the equalization control circuit 130 in
order to change the group delay of the filter (110P and/or
110N).

Per the example voltage summer circuit shown, the first
resistor R1 may be connected between the first input (1n_1)
and the inverting input of the operational amplifier OAS, and
the second resistor R2 may be connected between the second
input (1n_2) and the iverting input of the operational ampli-
fier OAS. The non-1nverting input of the operational amplifier
OAS may be connected to ground, and the output of the
operational amplifier OAS may be connected to the output
node.

In another embodiment, which 1s depicted in FIG. 2F, a
passive low-pass filter 232 may be used for the integral path
222, and an active high-pass filter 244 may be used for the
feed-forward path 224. It 1s contemplated that the passive
low-pass and active high-pass filters (232 and 244, respec-
tively) may be implemented using various filter circuits.

In another embodiment, which 1s depicted in FIG. 2G, an
active low-pass filter 242 may be used for the integral path
222, and a passive high-pass filter 234 may be used for the
teed-forward path 224. It 1s contemplated that the passive
low-pass and active high-pass filters (242 and 234, respec-
tively) may be implemented using various filter circuits.

In another embodiment, each of the first and second vari-
able-delay filters (110P and 110N) may be implemented with
a circuit based on transconductance amplifiers, such as the
example circuit depicted in FI1G. 2H. As shown in FIG. 2H, a
first capacitor C1 may be connected between the mput node
and the mmverting input of a first transconductance amplifier
Gml. The non-inverting mput of the first transconductance
amplifier Gm1 may be connected to ground, while the output
of the first transconductance amplifier Gm1 may be con-
nected to the output node. The second capacitor C2 may be
connected between the output node and ground. Finally, the
second transconductance amplifier Gm2 may have 1ts non-
inverting mput connected to the output of the first transcon-
ductance amplifier Gml1 (1.e. to the output node), its inverting
input connected to 1ts output, and 1ts output connected to the
inverting iput of the first transconductance amplifier Gm1.

In accordance with an embodiment of the invention, the
transconductance (1.e. Gm) of the first transconductance
amplifier Gm1 may be varied. In particular, the transconduc-
tance of the first transconductance amplifier Gm1 may be
varied by varying the bias current of the amplifier. The varia-
tion of the transconductance may be performed to adjust the
delay of the filter (110P and/or 110N). To configure the circuit
of FI1G. 2H for different data rates, different capacitor values
for C1 and C2 may be selected.

Note that the above-discussed filter implementations are
generally first-order (passive or active) filter circuits. In other
implementations, second-order or higher-order filter circuits
may be used.

Referring back to FIG. 1, the bias control circuit 105 has
outputs which are connected to bias inputs of the first and
second variable-delay filters (110P and 110N, respectively).
The bias control circuit 105 generates bias voltages. The bias
voltages may be based on a data rate setting for the recerver.
The data rate setting may be electromically programmed into
the integrated circuit. For example, the integrated circuit may
be a field programmable gate array (FPGA), and the data rate
setting may be configured during programming of the FPGA.
The bias voltages are provided by the bias control circuit 105
to the bias inputs of the first and second variable-delay filters.

For example, 1f the data rate setting 1s at 6 gigabits per
second (Gbps) or a principle frequency of 3 gigahertz (GHz),
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then the blas voltages may be set to a first level (LL1) such that
the cut-off frequency of the first and second variable-delay
filters (110P and 110N) 1s at 9 GHz. In another example, 11 the
data rate setting 1s at 9 Gbps or a principle frequency of 4.5
(GHz, then the bias voltages may be set to a second level (1L2)
such that the cut-off frequency 1s at 13.5 GHz. The second
level L2 provides a higher bias current for the first and second
variable-delay filters than the first level L1. In another
example, 11 the data rate setting 1s at 10 Gbps or a principle
frequency of 5 GHz, then the bias voltages may be set to a
third level (L3) such that the cut-off frequency 1s at 15 GHz.
The third level L3 provides a higher bias current for the first
and second variable-delay filters than the second level L2. In
another example, 11 the data rate setting 1s at 12 Gbps or a
principle frequency of 6 GHz, then the bias voltages may be
set to a fourth level (LL4) such that the cut-off frequency 1s at
18 GHz. The fourth level L4 provides a higher bias current for
the first and second variable-delay filters than the third level
[.3. More generally, 1f the data rate setting 1s at X Gbps or a
principle frequency of 0.5xGHz, then the bias voltages may
be set to a level such that the cut-off frequency of the first and
second variable-delay filters 1s at 1.5xGHz.

The skew detector 120 has a first input, a second input, and
an output. The first input of the skew detector 120 1s con-
nected to the output of the first variable-delay filter, and the
second 1input of the skew detector 1s connected to the output of
the second variable-delay filter. The skew detector 120 deter-
mines a delay ditference between the positive and negative
polarity signals of the differential signal and outputs a skew-
indication signal based on the delay difference.

The equalization control circuit 130 has an mput and first
and second outputs. The mput of the equalization control
circuit 130 1s connected to the output of the skew detector
120. The first output of the equalization control circuit 130 1s
connected to the control input of the first variable-delay filter
110P, and the second output of the equalization control circuit
130 1s connected to the control input of the second variable-
delay filter 110N.

The equalization control circuit may be advantageously
embodied as programmed logic circuitry, for example, within
a field programmable gate array. This allows the equalization
control circuit to be flexibly configured to suit particular
characteristics of a communication channel that 1s being used.

In one embodiment, the equalization control circuit 130
may output discrete control signals to the first and second
variable-delay filters (110P and 110N, respectively). In this
case, the first and second vanable-delay filters may have
delays that are step adjustable.

In another embodiment, the equalization control circuit
130 may output analog control signals to the first and second
variable-delay filters. In this case, the first and second vari-
able-delay filters may have delays that are continuously
adjustable.

In one implementation, the skew-indication signal from the
skew detector 120 to the equalization control circuit 130 may
include one of two pulses: an up pulse; and a down pulse. If
the up pulse 1s received, then the equalization control circuit
130 may decrease the delay of the first variable-delay filter
110P relative to the second variable-delay filter 110N by one
discrete step. On the other hand, 1f the down pulse 1s recerved,
then the equalization control circuit 130 may increase the
delay of the second vaniable-delay filter 110N relative to the
first variable-delay filter 110P by one discrete step.

The resultant output of the first and second variable-delay
filters (110P and 110N, respectively) are the positive and
negative polarity signals of the differential signal after 1t has
been de-skewed. The receiver bufllfer 140 receives the de-
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skewed differential signal on its two mputs, and drives the
de-skewed differential signal onto 1ts two outputs.

FIGS. 3A, 3B and 3C show gain, group delay, and phase as
a function of frequency for a linear phase filter 1n accordance
with an embodiment of the invention. As shown 1n FIG. 3A,
the gain 1s tlat up to a cut-oif frequency, 1,, for the linear phase
filter. In accordance with an embodiment of the invention, the
cut-oil frequency of the linear phase filter may be configured
by programmably setting the bias voltage levels of the first
and second variable-delay filters (110P and 110N, respec-
tively) using the bias control circuit 105. The flat gain 1n the
frequency range below the cut-off {frequency avoids signal
distortion. As the frequency range in the transier function
includes the frequencies below the cut-oif frequency, the filter
may be considered to be an all-pass filter 1n this frequency
range.

As shown 1n FIG. 3B, the group delay 1s constant (flat) up
to the cut-off frequency for the linear phase filter. The con-
stant group delay in the frequency range below the cut-off
frequency enables the linear phase shiit characteristic. This
linear phase shiit characteristic 1s shown 1n FIG. 3C, where
the phase 1s seen to vary linearly with frequency.

FIG. 4 1s a flow diagram showing a method 400 of delay
equalization using select components in the apparatus 100 of
FIG. 1 1n accordance with an embodiment of the invention.
The steps shown 1n FI1G. 4 are performed by the skew detector
120, the equalization controller 130 and the filters (110P and
110N).

Per block 402, the skew detector 120 compares delays 1n
the positive and negative polarity signals which are output by
the first and second variable-delay filters (110P and 110N,
respectively). In block 404, the skew detector 120 converts
the delay difference to a skew indication signal. For example
the skew-indication signal may be up/down pulses in one
implementation. Per block 406, the skew-indication signal 1s
sent from the skew detector 120 to the equalization controller
130.

In block 412, the equalization controller 130 receives the
skew-1ndication signal. Per block 414, a determination 1s then
made by the equalization controller 130 as to whether the
signal on the positive path or the signal on the negative path 1s
more delayed. This determination 1s made based on the skew-
indication signal. If the signal on the negative path 1s more
delayed, then a first control signal may be sent to the filter (or
filters) per block 416. On the other hand, 1f the signal on the
positive path 1s more delayed, then a second control signal
may be sent to the filter (or filters) per block 418.

If the first delay control signal 1s sent to the filter(s) per
block 416, then the delay of the first variable-delay filter 110P
1s increased (and/or the delay of the second variable-delay
filter 110N 1s decreased) per block 420. By doing so, the delay
on the positive path 1s increased relative to the delay on the
negative path. This reduces the delay difference that was
detected.

On the other hand, 11 the second delay control signal 1s sent
to the filter(s) per block 418, then the delay of the second
variable-delay filter 110P 1s increased (and/or the delay of the
first variable-delay filter 110N 1s decreased) per block 422.
By doing so, the delay on the negative path 1s increased
relative to the delay on the positive path. This reduces the
delay difference that was detected.

FIG. 5 1s a flow chart of a method 500 for adaptive delay
equalization for a recerver 1n an integrated circuit in accor-
dance with an embodiment of the invention. In this method,
positive and negative polarity signals of a differential signal
are received at data inputs of the first and second variable-
delay filters, respectively, and the first and second variable-
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delay filters output filtered versions of the positive and nega-
tive polarity signals, respectively.

In block 502, mimmum delays may be set for variable-
delay filters 1n the positive and negative paths of the differen-
tial signal. In this implementation, the delays of the variable-
delay filters are increased in an adaptive manner to equalize
the delays of the positive and negative paths.

In block 506, skew detection may be performed by the
skew detector. The skew detection may include determination
of a delay difference between the filtered positive and nega-
tive polarity signals. A skew-indication signal may be gener-
ated based on the delay difference.

If no skew or a negligible amount of skew 1s detected, then
the method 500 may wait for a time-out indication per block
508 betore looping back to again perform skew detection per
block 504. The negligible amount of skew may be determined
by the magnitude of the delay difference being below a mini-
mum threshold, for example.

If skew (above a negligible amount) 1s detected, then a
determination may be made, per block 510, as to whether the
positive path (p-side) 1s slower. If the positive path 1s slower,
then the delay of the negative path (n-side) may be increased
per block 512.

Otherwise, the negative path may be deemed slower per
block 514, and the delay of the positive path (p-side) may be
increased per block 516. If the skew detection 1s analog (con-
tinuous) or discrete with multiple levels, then the delay
increase ol the n-side or p-side may be varied in relation to the
delay difference detected.

FI1G. 6 1s a simplified partial block diagram of an exemplary
field programmable gate array (FPGA) 10 that may be con-
figured to implement an embodiment of the present invention.
It should be understood that embodiments of the present
invention can be used in numerous types of integrated circuits
such as field programmable gate arrays (FPGAs), program-
mable logic devices (PLDs), complex programmable logic
devices (CPLDs), programmable logic arrays (PLAs), digital
signal processors (DSPs) and application specific integrated
circuits (ASICs).

FPGA 10 includes within its “core” a two-dimensional
array ol programmable logic array blocks (or LABs) 12 that
are mterconnected by a network of column and row intercon-
nect conductors of varying length and speed. LABs 12
include multiple (e.g., ten) logic elements (or LEs). ALE 1s a
programmable logic block that provides for efficient imple-
mentation of user defined logic functions. An FPGA has
numerous logic elements that can be configured to implement
various combinatorial and sequential functions. The logic
clements have access to a programmable mterconnect struc-
ture. The programmable interconnect structure can be pro-
grammed to 1terconnect the logic elements 1 almost any
desired configuration.

FPGA 10 may also include a distributed memory structure
including random access memory (RAM) blocks of varying
sizes provided throughout the array. The RAM blocks
include, for example, blocks 14, blocks 16, and block 18.
These memory blocks can also include shift registers and
FIFO butfers.

FPGA 10 may further include digital signal processing
(DSP) blocks 20 that can implement, for example, multipliers
with add or subtract features. Input/output elements (IOEs)
22 located, 1n this example, around the periphery of the chip
support numerous single-ended and differential input/output
standards. Each IOE 22 is coupled to an external terminal
(1.e., a pin) of FPGA 10.

A transcerver (1 X/RX) channel array may be arranged as
shown, for example, with each TX/RX channel circuit 30
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being coupled to several LABs. A TX/RX channel circuit 30
may 1include, among other circuitry, receiver circuitry as
described herein.

It 1s to be understood that FPGA 10 1s described herein for
illustrative purposes only and that the present invention can
be implemented in many different types of PLDs, FPGAs,
and ASICs.

FIG. 8 shows a block diagram of an exemplary digital
system 50 that may employ apparatus and methods disclosed
hereimn. System 50 may be a programmed digital computer
system, digital signal processing system, specialized digital
switching network, or other processing system. Moreover,
such systems can be designed for a wide variety of applica-
tions such as telecommunications systems, automotive sys-
tems, control systems, consumer electronics, personal com-
puters, Internet communications and networking, and others.
Further, system 50 may be provided on a single board, on
multiple boards, or within multiple enclosures.

System 50 includes a processing unit 52, a memory unit 54,

and an mput/output (I/O) unit 56 interconnected together by
one or more buses. According to this exemplary embodiment,
FPGA 38 1s embedded 1n processing unit 32. FPGA 58 can
serve many different purposes within the system 50. FPGA 58
can, for example, be a logical building block of processing
unit 52, supporting 1ts internal and external operations. FPGA
58 1s programmed to implement the logical functions neces-
sary to carry on 1its particular role in system operation. FPGA
58 can be specially coupled to memory 54 through connec-
tion 60 and to I/O unit 56 through connection 62.

Processing unit 52 may direct data to an appropriate system
component for processing or storage, execute a program
stored 1n memory 54, receive and transmit data via I/O unit
56, or other similar function. Processing unit 52 may be a
central processing unit (CPU), microprocessor, tloating point
coprocessor, graphics coprocessor, hardware controller,
microcontroller, field programmable gate array programmed
for use as a controller, network controller, or any type of
processor or controller. Furthermore, 1n many embodiments,
there 1s often no need for a CPU.

For example, instead of a CPU, one or more FPGAs 58 may
control the logical operations of the system. As another
example, FPGA 358 acts as a reconfigurable processor that
may be reprogrammed as needed to handle a particular com-
puting task. Alternately, FPGA 58 may 1itself include an
embedded microprocessor. Memory unit 34 may be arandom
access memory (RAM), read only memory (ROM), fixed or
flexible disk media, tlash memory, tape, or any other storage
means, or any combination of these storage means.

In the above description, numerous specific details are
given to provide a thorough understanding of embodiments of
the invention. However, the above description of illustrated
embodiments of the invention 1s not intended to be exhaustive
or to limit the mvention to the precise forms disclosed. One
skilled 1n the relevant art will recognize that the invention can
be practiced without one or more of the specific details, or
with other methods, components, etc.

In other instances, well-known structures or operations are
not shown or described 1n detail to avoid obscuring aspects of
the invention. While specific embodiments of, and examples
for, the mvention are described herein for illustrative pur-
poses, various equivalent modifications are possible within
the scope of the invention, as those skilled in the relevant art
will recognize. These modifications may be made to the
invention 1n light of the above detailed description.

What 1s claimed 1s:

1. A method for adaptive recerver delay equalization, the
method comprising:
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receiving positive and negative polarity signals of a differ-
ential signal at data inputs of a first variable-delay filter
and a second variable-delay filter, respectively, wherein
cach of the first and second varniable-delay filters com-
prises a linear phase filter which provides a phase shift
that varies linearly with frequency;

generating filtered positive and negative polarity signals by

the first variable-delay filter and the second variable-
delay filter, respectively;

determining a delay difference between the filtered posi-

tive and negative polarity signals by a skew detector;
generating a skew-indication signal by the skew detector
based on the delay difference;

generating a delay control signal by an equalization control

circuit based on the skew-indication signal; and
sending the delay control signal to at least one of the first
and second variable-delay filters.

2. The method of claim 1, wherein at least one of the first
and second variable-delay filters comprises a Bessel filter.

3. The method of claim 1, wherein at least one of the first
and second variable-delay filters has a flat gain and a constant
group delay below a cut-oif frequency.

4. The method of claim 1, wherein at least one of the first
and second variable-delay filters comprises a dual-path filter.

5. The method of claim 4, wherein the dual-path filter
comprises an integral path and a feed-forward path.

6. The method of claim 1, wherein at least one of the first
and second variable-delay filters comprises a passive LC
network, wherein the passive LC network includes at least
one inductor and at least one capacitor.

7. The method of claim 1,

generating voltage bias levels based on a data rate setting;;

and

providing voltage bias levels to bias mputs of the first and

second variable-delay filters.

8. The method of claim 1, wherein at least one of the first
and second variable-delay filters comprises a transconduc-
tance amplifier, further comprising:

varying a bias current for the transconductance amplifier

using the delay control signal.

9. The method of claim 1, wherein the skew-indication
signal comprises one of two pulses, wherein a first pulse of the
two pulses causes the equalization control circuit to increase
a delay of the first variable-delay filter relative to the second
variable-delay filter, and a second pulse of the two pulses
causes the equalization control circuit to increase a delay of
the second variable-delay filter relative to the first variable-
delay filter.

10. The method of claim 1, wherein the delay control signal
comprises a discrete control signal, and wherein the first and
second variable-delay filters have delays that are step adjust-
able.

11. The method of claim 1, wherein the delay control signal
comprises an analog control signal, and wherein the first and
second variable-delay filters have delays that are continu-
ously adjustable.

12. An mtegrated circuit comprising:

first and second variable-delay filters for receiving a dif-

ferential signal and outputting a de-skewed differential
signal, wherein each of the first and second variable-
delay filters comprises a linear phase filter which pro-
vides a phase shift that varies linearly with frequency;

a skew detector for detecting a delay difference between

outputs of the first and second filters and generating a
skew-1ndication signal based on the delay difference;
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an equalization control circuit for controlling delays of the
variable-delay filters based on the skew-indication sig-
nal; and

a receiver buller for buttering the de-skewed differential
signal.

13. The integrated circuit of claim 12 further comprising:

a bias control circuit having outputs which are connected to
bias mputs of the first and second varniable-delay filters,
wherein the bias control circuit provides voltage bias
levels to the bias mputs of the first and second variable-
delay filters.

14. The integrated circuit of claim 13, wherein the voltage
bias levels are based on a data rate setting, and wherein the
data rate setting 1s electronically programmed into the inte-
grated circuit.

15. The integrated circuit of claim 12, wherein the first and
second variable-delay filters each comprises a transconduc-
tance amplifier, and wherein the delay control signal varies a
bias current for the transconductance amplifier.

16. The integrated circuit of claim 12, wherein the skew
detector determines a delay difference between the positive
and negative polarity signals of the differential signal and
outputs a skew-indication signal based on the delay differ-
ence.

17. The integrated circuit of claim 16, wherein the skew-
indication signal comprises one of two pulses, wherein a first
pulse of the two pulses causes the equalization control circuit
to increase a delay of the first vaniable-delay filter relative to
the second variable-delay filter, and a second pulse of the two
pulses causes the equalization control circuit to increase a
delay of the second variable-delay filter relative to the first
variable-delay filter.

18. The mtegrated circuit of claim 12, wherein the equal-
1zation control circuit outputs discrete control signals to the
first and second variable-delay filters, and wherein the first
and second variable-delay filters have delays that are step
adjustable.

19. The mtegrated circuit of claim 12, wherein the equal-
ization control circuit outputs analog control signals to the
first and second variable-delay filters, and wherein the first
and second varnable-delay filters have delays that are continu-
ously adjustable.

20. The mtegrated circuit of claim 12, wherein the equal-
1zation control circuit comprises programmed logic within a
field programmable gate array.

21. An adaptive recerver delay equalization circuit com-
prising:

a lirst variable-delay filter having a data input, a control
input and an output, wherein the data input of the first
variable-delay filter receives a positive polarity signal of
a differential signal;

a second variable-delay filter having a data input, a control
input and an output, wherein the data input of the second
variable-delay filter recetves a negative polarity signal of
the differential signal,

a bias control circuit having bias voltage outputs which are
connected to bias imnputs of the first and second variable-
delay filters, wherein the bias control circuit 1s electroni-
cally programmed with bias voltage settings corre-
sponding to a predetermined data rate;

a skew detector having a first input, a second input, and an
output, wherein the first input of the skew detector 1s
connected to the output of the first varniable-delay filter,
and the second input of the skew detector 1s connected to
the output of the second variable-delay filter; and

an equalization control circuit having an mnput and first and
second outputs, wherein the input of the equalization
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control circuit 1s connected to the output of the skew
detector, the first output of the equalization control cir-
cuit 1s connected to the control input of the first variable-
delay filter, and the second output of the equalization
control circuit 1s connected to the control mput of the 5
second variable-delay filter.
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